Enantiomerically enriched amines constitute essential structural elements in a variety of pharmaceutically important small molecule therapeutics.^[@ref1]^ Consequently, general methods for the synthesis of amines in optically pure form have long been regarded as an important objective for synthetic organic chemists.^[@ref1]^ Among the numerous techniques available, asymmetric hydrogenation^[@ref1],[@ref2]^ and biocatalysis^[@ref1],[@ref3]^ are often employed. However, the addition of carbon nucleophiles to prochiral imines,^[@ref4]^ particularly Ellman's chiral *tert*-butylsulfinimines,^[@cit4a]^ often represents the method of choice for the preparation of free or protected chiral primary amines.

The need to utilize stoichiometric quantities of an organometallic reagent and the chiral auxiliary is a limitation of these processes. Additionally, the use of highly basic and nucleophilic organometallic compounds such as organomagnesium and organozinc reagents decreases the functional group compatibility of these methods. Moreover, one or multiple additional synthetic operations are usually required to prepare an organometallic reagent from an organic halide or an unsaturated hydrocarbon. In this context, the use of abundant or easily accessible olefins as latent carbanion equivalents for asymmetric nucleophilic addition to imines could obviate these problems. In recent years, Krische has pioneered the use of polyunsaturated olefins as latent carbon nucleophiles for carbonyl additions using noble metal catalysts (Rh, Ru, and Ir).^[@ref5]^ While these processes have been exceptionally successful for the enantioselective addition to aldehydes,^[@ref6]^ only a few examples of asymmetric addition to imines have been reported.^[@ref7]^ Furthermore, the intermolecular, enantioselective coupling of less active olefins such as styrenes to imines is rare.^[@ref8]^

In 2013, our group initiated a research program aimed at developing copper(I) hydride catalysis^[@ref9],[@ref10]^ as a general platform for accessing enantiomerically enriched organocopper intermediates from easily available olefin precursors. By capturing the catalytically generated organocopper species with electrophilic aminating reagents, our laboratory^[@ref10]^ and Hirano and Miura^[@ref11]^ have independently developed a new approach for the enantioselective hydroamination of olefins. More recently, we have also demonstrated the feasibility of engaging organocopper intermediates in carbon--carbon bond-forming processes.^[@ref12],[@ref13]^ In particular, we reported a CuH-catalyzed intramolecular addition of styrene-derived organocopper species to *N-*arylimines for the enantioselective synthesis of indolines ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A),^[@cit12a]^ as well as an enantioselective intermolecular coupling of (poly)unsaturated olefins and ketones.^[@cit12e]^ We note that Shibasaki and Lam have each previously devised elegant copper-catalyzed protocols for the enantioselective reductive Mannich reaction.^[@ref14]^ We recently wondered whether our previously reported intramolecular cyclization of iminostyrenes could be extended to a more broadly applicable method for the coupling of readily available styrenes and N-protected imines. As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, the enantioselective addition of a phosphine-ligated copper catalyst (**I**) across the double bond of styrene **II** would furnish a transient benzylcopper intermediate (**III**).^[@ref15]^ Nucleophilic addition of benzylcopper **III** to an N-protected imine (**IV**) would provide a copper amide (**V**), which is in turn protonated by *t*-BuOH to furnish addition product **VII** and release the copper *tert*-butoxide (**VIII**). Subsequent σ-bond metathesis of **VIII** with a hydridic silane (**IX**) would regenerate the copper hydride catalyst and complete the catalytic cycle.^[@ref16]^ The strategy described herein provides rapid access to the enantioselective assembly of highly substituted amines bearing adjacent stereocenters from easily available olefin and imine building blocks. Furthermore, this mechanistic framework does not require the use of exogenous acidic or basic additives, thereby potentially allowing for sensitive functional groups to be tolerated.

![Copper-catalyzed enantioselective addition of styrene-derived nucleophiles to imines.](ja-2016-06299p_0001){#fig1}

While successful in the intramolecular case, the development of an intermolecular transformation would require the chemoselective hydrometalation of a styrene in the presence of a suitably protected imine. The identification of reaction conditions with the desired selectivity was expected to be challenging, since several of the commonly used imine protecting groups are strongly electron-withdrawing, and hydrocupration of the imine was expected to be facile ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Indeed, important work by Lipshutz showed that phosphine-ligated copper hydride species can be highly efficient catalysts for the enantioselective reduction of *N-*phosphinoyl ketimines.^[@ref17]^ The competitive hydrocupration of the imine component would lead to its unproductive reduction and result in diminished yields of the desired styrene-derived adduct.

Following a survey of imine protecting groups and reaction conditions, *N*-phosphinoylimines were identified as suitable substrates for the desired asymmetric addition reaction. Phosphinoylimines could be conveniently prepared from the parent carbonyl compounds, and the deprotection of the resulting *N*-phosphinoylamines could be effected under acidic conditions (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06299/suppl_file/ja6b06299_si_001.pdf)). The copper catalyst based on Ph-BPE (**L6**) was found to be highly effective for the asymmetric nucleophilic addition, providing the coupled product **3** in excellent yield with outstanding enantiocontrol ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1). The effectiveness of this ligand is consistent with the ligand effects observed in our previously reported indoline synthesis, for which Ph-BPE was also found to be the optimal ligand.^[@cit12a]^ In contrast, the use of other ligands led to the formation of a significant amount of reduction product **4**. For example, our optimal catalyst for hydroamination, based on DTBM-SEGPHOS (L1),^[@ref10]^ provided only 9% product **3** and 85% reduced amine **4**. In addition, bulky phenyl substituents on the phospholane moiety of the BPE ligand proved essential not only for achieving high levels of enantioselectivity but also for enabling the desired chemoselectivity (entries 4--6). Omitting *tert*-butanol resulted in a dramatic loss in yield (entry 7). We reasoned that the protonation of copper amide **V** (L\*Cu-N(P(O)Ph2)R\*, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) with *t*-BuOH bypassed the slow transmetalation of **V** with a hydrosilane and thus greatly facilitated the catalyst turnover.^[@cit12a],[@ref18]^ The choice of the N-protecting group of the imine was crucial for the successful implementation of this transformation, with sulfonyl, aryl, and alkyl protecting groups providing much lower yields (entries 8 and 9, see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06299/suppl_file/ja6b06299_si_001.pdf) for full details).

###### Copper-Catalyzed Asymmetric Addition of Styrene-Derived Nucleophiles to Imines: Effect of Reaction Parameters[a](#t1fn1){ref-type="table-fn"}
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  entry   variation from the "standard conditions"   yield of **3** (dr)                                       ee of **3**                    yield of **4**
  ------- ------------------------------------------ -------------------------------------- ------------------------------------------------- ----------------
  1       none                                       95% (3:1)                               99% ee (99% ee)[b](#t1fn2){ref-type="table-fn"}  1.5%
  2       **L1** instead of **L6**                   9% (1:1)                                                95% ee (99% ee)                  85%
  3       **L2** instead of **L6**                   \<5%                                                         n.d.                        65%
  4       **L3** instead of **L6**                   \<5%[c](#t1fn3){ref-type="table-fn"}                         n.d.                        20%
  5       **L4** instead of **L6**                   56% (1:1)                                               86% ee (83% ee)                  35%
  6       **L5** instead of **L6**                   46% (1:1)                                               78% ee (70% ee)                  54%
  7       no *t*-BuOH                                41% (3:1)                                               99% ee (99% ee)                  31%
  8       **2b** instead of **2a**                   5%[d](#t1fn4){ref-type="table-fn"}                           n.d.                        36%
  9       **2c** instead of **2a**                   6%[e](#t1fn5){ref-type="table-fn"}                           n.d.                        \<10%

Reaction conditions: 1 (0.2 mmol), 2 (0.1 mmol), Cu(OAc)~2~ (5 mol %), **L** (6 mol %), *t*-BuOH (2 equiv), (MeO)~2~MeSiH (5 equiv), THF (0.5 M), rt, 12 h. Yields were determined by ^1^H NMR spectroscopic analysis using 1,3,5-trimethoxybenzene as the internal standard. Enantiomeric excess values were determined by chiral HPLC analysis.

The ee of the minor diastereomer is shown in parentheses.

30% conv. of **2a**.

41% conv. of **2b**.

12% conv. of **2c**.

We next set out to investigate the substrate scope of this reaction ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). A number of styrenes with various electronic properties (**5a**--**5f**) could be successfully converted into the corresponding amine product with excellent levels of enantioselectivity and moderate levels of diastereoselectivity. Chlorinated (**5e**) and brominated (**5f**) styrenes were tolerated, thus opening up possibilities for further derivatization using cross-coupling technologies. Interestingly, the use of an *ortho*-substituted styrene furnished the coupled product with good diastereocontrol (**5g**), although slight decrease of enantioselectivity was also observed. Furthermore, nitrogen heterocycles (**5h** and **5i**) and a β-substituted styrene (**5j**) were also suitable for this asymmetric addition. The lower yield of **5j** is presumably due to the slower hydrocupration of these β-substituted styrenes.

###### Substrate Scope of Styrenes[a](#t2fn1){ref-type="table-fn"}
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Yields are of isolated product as a mixture of two diastereomers on a 0.5 mmol scale. The relative and absolute stereochemistry of both diastereomers was determined by X-ray crystallography or further derivatization of the product, see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06299/suppl_file/ja6b06299_si_001.pdf) for details. The ee of the minor diastereomer is shown in parentheses.

We next examined the scope of the imine coupling partner ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Our protocol was found to readily accommodate a variety of electron-rich (**6a** and **6b**) and electron-poor (**6c** and **6d**) imines. Furthermore, a broad spectrum of imines bearing a pendant heterocycle, including an indole (**6e**), a thiophene (**6f**), a pyridine (**6g**), an azaindole (**6h**), and a thiazole (**6i**), could be effectively transformed into the corresponding amine products in a highly enantioselective fashion. These results are notable because heterocycles are prevalent structural elements in pharmaceuticals and the metal-catalyzed enantioselective transformation of these substrates is generally challenging. Additionally, an α,β-unsaturated imine also underwent the current nucleophilic addition with excellent enantiocontrol (**6j**).^[@ref19]^ Moreover, substantially less reactive ketimines (**6k**--**6m**) also represented suitable substrates, further highlighting the generality of the current enantioselective addition process. Finally, the absolute stereochemistry at the benzylic position is found to be opposite to that of the previously reported hydrofunctionalizations using the same ligand.^[@cit11a],[@cit12a],[@cit12c]^ Combined with results of our computational studies on the hydrocupration step, this observation suggests that the C--C bond formation (**III** + **IV** → **V**, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) is a stereoinvertive process (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06299/suppl_file/ja6b06299_si_001.pdf) for details).

###### Substrate Scope of Imines[a](#t3fn1){ref-type="table-fn"}
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Yields are of isolated product on a 0.5 mmol scale, see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06299/suppl_file/ja6b06299_si_001.pdf) for details.

This copper-catalyzed enantioselective imine addition was scalable and required very low catalyst loadings. For example, we were able to couple 3-chlorostyrene (**7**) to imine **2a** on a gram scale using only 0.5 mol % catalyst ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, eq 1). Furthermore, the chiral sulfinimines developed by Ellman^[@cit4a]^ could be used in lieu of *N*-phosphinoylimines, delivering enantiomerically enriched amine **9** with excellent diastereocontrol (eq 2).^[@ref20]^ The relative and absolute configuration of **9** were ascertained by X-ray crystallographic analysis.

![Gram-scale synthesis with low catalyst loadings and the use of chiral sulfinimines.](ja-2016-06299p_0002){#fig2}

To gain further insight into the unique chemoselectivity during the hydrocupration event, we studied the rates of the CuH-catalyzed reduction of imine **2a** with different supporting ligands by monitoring the reaction progress using calorimetric analysis established by Blackmond ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A).^[@ref21]^ Our kinetic data suggested that the undesired imine reduction with Ph-BPE is considerably slower than that using DTBM-SEGPHOS and SEGPHOS. Furthermore, we performed density functional theory calculations for the styrene hydrocupration with the same set of CuH catalysts ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).^[@ref22]^ Our computational investigations revealed that while the activation barrier for styrene hydrocupration using Ph-BPE is comparable to that for DTBM-SEGPHOS, this Ph-BPE-based hydrocupration is ∼1.8 × 10^2^ times faster than that using SEGPHOS. Taken together, these findings provide evidence for the unusual ability of the Ph-BPE-based CuH catalyst to suppress the undesired imine reduction while simultaneously facilitating the hydrocupration of weakly polarized styrene substrates.

![Mechanistic insight into the unusual chemoselectivity of hydrocupration.](ja-2016-06299p_0003){#fig3}

In summary, we have developed a mild and general copper-catalyzed process for the enantioselective addition of styrene-derived nucleophiles to imines. This process tolerates a broad range of functionalized and heterocyclic substrates, providing rapid access to amines bearing vicinal stereogenic centers with excellent enantiocontrol. Utilizing a diverse range of other (poly)unsaturated hydrocarbons as latent nucleophiles in the asymmetric addition to imines is currently underway and will be reported in due course.
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